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© Suspension system for magnetic resonance cryostat 



® A cryostat for a magnetic resonance magnet is 
provided comprising an outer closed cylindrical 
vacuum vessel and a cylindrical helium vessel con- 
centricallY situated in the cryostat A first cylindrical 
shield is situated in the cryostat sun-ounding the first 
shield. A plurality of tubular stmts are affixed to both 
the helium vessel circular end faces and the second 
shield. The tubular struts are circumferentially 
f^J spaced and extend radially, parallel to the end 
^ shields of the helium vessel. The struts support the 
second shield spaced away from the helium vessel. 
f=*?:, Plate means are circumferentially spaced about the 
^circular end faces of the first shield and affixed 
^thereto. The plates extend radially, parallel to the 
m end faces of the first shield and affixed to the inner 
€^ circular end faces of the second shield, supporting 
the-first-shieid-spaG6d-away-from4he-second-shleld.- 

The helium vessel has on its outside surface radially 
^extending trunnions situated symmetrically on a hori- 
zontal plane passing through the center of the he- 
lium vessel and mounting supports on either circular 



end face of the helium vessel, with supports on each 
of the upper and lower portions. A plurality of straps 
have one end of each strap looping about a respec- 
tive one of the trunnions. The other end of each 
strap is rotatably secured to the circular end faces of 
the vacuum vessel, with the straps from the tnjn- 
nions closest to an end face secured to that end 
face. Additional composite straps with one end 
rotatably mounted to each end face; the other end is 
mounted to the helium vessel. The composite straps 
on each face are parallel to the circular end faces of 
the vacuum vessel and the helium vessel. The com- 
posite straps are symmetrically located about the 
vertical and horizontal axes of the helium vessel. 
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SUSPENSION SYSTEM FOR A MAGNETIC RESONANCE CRYOSTAT 



Cross Reference to Related Applications 

The present application is related to copending 
applications. Serial No. (RD-ia276/RD-17.143) 
"Superconducting Magnetic Resonance magnet 
and Method of Making Same", Serial No. (RD- 
17.938). "Thermal Interface for Interconnecting a 
Cryocooler and a Magnetic Resonance Imaging 
Cryostat". Serial No. (RD-17955), "Integral Shield 
For MR Magnet and Method of Making Same" 



Background of the Invention 

The present invention relates to a radial heat 
shield suspension system for a cryostat for a mag- 
netic resonance magnet. 

A cryostat is a containment vessel designed to 
thermally isolate its interior from exterior ambient 
temperature conditions. To achieve the desired de- 
gree of thermal isolation, multiple nested vessels 
may be employed with each vessel functioning at 
one of a sequence of temperatures, with the inte- 
rior temperature of the innermost vessel being the 
coldest. The inner vessels need to be supported 
spaced apart from one another, with sufficient rigid- 
ity to withstand shipping loads yet have tew phys- 
ical connections between the interior vessels and 
the external vessels. 

The innermost vessel is typically a helium ves- 
sel containing a superconducting magnet. The he- 
lium vessel is surrounded by two nested heat 
shields. In prior support systems the heat shields 
were supported from the outer vacuum vessel us- 
ing thin wall fiberglass tubes with pin and clevis 
used to support the ends of the tubes. The tension 
on the support for both shields needed to be ini- 
tially tensioned and tensioned again as a final ad- 
justment. The cryostat assembly is a time consum- 
ing operation with many parts required to support 
the shield. 

One approach for an axial positioner uses three 
concentric cylinders with one end of the inner 
positioner cylinder connected to an inner vessel 
and one end of the outer, positioner cylinder con- 
nected to the outer vessel. The intermediate posi- 
tioner cylinder connected the other ends of the 
inner and outer cylinder ends increasing the effec- 
tive length of the thermal path between the two 
vessels.~This~approach-has-the-drawbackS-Cf_being_ 

composed of a large number of parts, the bonded 
joints connecting the positioner cylinder together 
are process sensitive and finally it is not very 
rugged or forgiving of assembly errors or tolerance 
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stackings.- - 

In an embodiment of the present invention the 
radial suspension is used with a self shielded 
superconducting magnet. • The superconducting 
magnet is located in the innermost vessel and is a 
key component in magnetic resonance imaging 
and spectroscopy. The superconducting magnet 
produces a uniform magnetic field in the bore of 
the magnet to align the nuclei of the subject being 
evaluated. In a self shielded nnagnet it is important 
from the standpoint of magnet field homogeneity 
that the magnet remain stationary with respect to 
the outer vacuum vessel which in the self shielded 
magnet also serves as the shield. Previous suspen- 
sion systems such as the one described in U.S. 
Patent 4.516.405 assigned to the same assignee as 
the present invention are not symmetric with re- 
spect to the outer vacuum vessel vertical and hori- 
zontal centerllnes. This lack of symmetry could 
result in a significant amount of movement of the 
axial centerline of the vessel containing the super- 
conducting magnet relative to the outer vacuum 
vessel axial centerline as a result of thernnal expan- 
sion induced in the outer vacuum vessel by as 
small a temperature change as five degrees Fahr- 
enheit. 

It is an object of the present invention to pro- 
vide a shield support system that requires fewer 
parts and reduced assembly time. 

It is an object of the present invention to pro- 
vide an axial strap suspension which is sufficiently 
strong to withstand shipping loads and has few 
parts. 

It is another object of the present invention to 
provide an axial strap suspension which accom- 
modates manufacturing tolerance stackup error and 
provides improved fatigue loading cycle perfor- 
mance. 

it is an object of the present invention to pro- 
vide a radial suspension system which is suffi- 
ciently strong to withstand shipping loads yet have 
as few physical connections to the cryostat as 
possible to reduce thermal conduction and radi- 
ation heat leaks. 

It is a further object of the present invention to 
provide a suspension system for use with a self 
shielded magnet which minimizes movement of the 
magnet relative to the shield due to temperature 
changes. 
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Summary of the Invention 

In one aspect of the present invention a 
cryostat for a magnetic resonance magnet is pro- 
vided comprising a cylindrical helium vessel con- 
centrically situated in the cryostat. A first cylindrical 
shield is situated in the cryostat surrounding the 
first shield, A plurality of tubular struts are affixed 
to both the helium vessel circular end faces and 
the second shield. The tubular struts are circum- 
ferentially spaced and extend radially, parallel to 
the end shields of the helium vessel. The struts 
support the second shield spaced away from the 
helium vessel. Plate means are circumferentially 
spaced about the circular end faces of the first 
shield and affixed thereto. The plates extend radi- 
ally, parallel to the end faces of the first shield and 
affixed to the inner circular end faces of the second 
shield, supporting the first shield spaced away from 
the second shield. 

In one aspect of the present invention, a 
cryostat comprising an outer closed cylindrical 
vacuum vessel and a helium vessel situated inside 
the vacuum vessel. The helium vessel has on its 
outside surface four radially extending trunnions 
situated on a horizontal plane passing through the 
center of the helium vessel. The trunnions are 
symmetrically spaced on either side of the helium 
vessel, about the helium vessel's axial midplane. 
Four straps have one end of each of the strap 
looping about a respective one of the four trun- 
nions. The other end of each of the straps is 
rotatably secured to the circular end faces of the 
vacuum vessel, with the two straps from the trun- 
nions closest to an end face secured to that end 
face. 

In one aspect of the present invention, a 
cryostat is provided comprising a closed cylindrical 
vacuum vessel and a helium vessel situated inside 
the vacuum vessel. The helium vessel has four 
mounting supports on either circular face of the 
helium vessel, with two supports on the upper 
portion and two supports on the lower portion. 
Eight straps are provided with one end of each of 
four of the straps rotatably mounted to each of the 
mounting supports on each end face of the helium 
vessel. The other end of one strap from the upper 
and one strap from the lower mounting support on 
one side of the vertical centerline of the helium 
vessel extend towards one another, but do not 
meet or cross and are rotatably secured above and 
below the horizontal plane passing through the 
center of- the vacuum vessel. The other end of one 
strap~from-the-upper-and-one-strap-from~the-lower- 

mountlng supports on the other side of the vertical 
centerline on both faces of the helium vessel ex- 
tend towards one another but not meet or cross, 
and are rotatably secured above and below the 



horizontal plane passing through the center line of 
the vacuum vessel. The straps on each face are 
parallel to the circular end faces of the vacuum 
vessel and the helium vessel. The straps symmetri- 

5 ' cally located about the vertical and horizontal axes 
of the helium vessel. The radial suspension pro- 
vided does not move the axial centerline of the 
helium vessel relative to the axial centerline of the 
vacuum vessel when the temperature of the 

10 cryostat varies. 



Brief Description of the Drawing 

/5 ■ While the specification concludes with claims 
particular pointing out and distinctly claiming the 
present invention, objects and advantages of the 
invention can be more readily ascertained from the 
following description of a preferred embodiment 

20 when used in conjunction with the accompanying 

drawing in which: 

Figure 1 is an isometric view of a magnetic 
resonance imaging cryostat in accordance with the 
present invention; 
25 Figure 2 is a sectional end view of Figure 1; 

Rgure 3 is an isometric view of an 80K 
radiant heat shield of the magnetic resonance im- 
aging cryostat; 

Figure 4 is an isometric view of a 20K heat 
30 shield of the magnetic resonance imaging cryostat: 

Figure 5 is an isometric view of the helium 
vessel of the magnetic resonance Imaging cryostat; 

Figures 8 is a partial cut away isometric of 
one end of the magnetic resonance imaging 

35 cryostat of Fig. 1 ; 

Figure 7 is a partial cut away isometric of 
the other end of the magnetic resonance imaging 

cryostat of Fig. 1 ; 

Figure 8 is an isometric view of a radial 
40 support strap with heat stationing braided cables in 
accordance with the present Invention; 

Figure 9 is a partial isometric cut away view 
showing the attachment of the heat stationing cable 
and the attachment of one end of a radial suspen- 
45 sion strap in the magnetic resonance cryostat; 

Figure 10 is a partial sectional view of the 
cryostat showing part of the axial support system; 

Figure 11 is an isometric view of an axial 
support strap with two heat stationing braided ca- 
se bles in accordance with the present invention: 

Figure 12 is a partial cut away sectional view 
of Figure 5 showing the superconductor magnet 
windings in accordance with the present invention; 
Figure 1 3 is a partial sectional axial view of 



55 the magnet winding support form with the super- 
conductor wire and the stainless steel overwrap 
wire in place; 
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Figure 14 is a partial sectional radial view of 
the magnet winding support form with supercon- 
ductor wire but without the stainless steel wire 
overwrap in place. 

Figure 1 5 is an isometric view of a section of 
superconductor wire with a partial tape overwrap: 

Rgure 1 6 is a section of the cryostat show- 
ing the relative positions of the vacuum vessel 
which serves as an" integral shield, the magnet 
winding and the volume of the desired high field 
uniformity; 

Figure 17 is a block diagram showing the 
steps in making a MR magnet with an integral 
shield: and 

Figure 18 is a sectional view of the cryostat 
showing the cryocooler interface. 

Detailed Description of the Invention 

Referring now to the drawing wherein like nu- 
merals refer to like elements throughout and par- 
ticularly Figures 1 and 2 thereof, a magnetic reso- 
nance cryostat 1 1 is shown. An outer closed cylin- 
drical vacuum vessel 13 having an axial enclosed 
bore 15. surrounds an 80K closed cylindrical heat 
shield 17. A 20K closed cylindrical heat shield 21 
and a closed cylindrical helium vessel 23 contain- 
ing a magnet are nested inside the 80K shield. The 
80k shield. 20K shield and helium vessel each 
have an enclosed axial bore extending thereth- 
rough. The aOK and 20K shields are each fab- 
ricated from heat conductive nonmagnetic material 
such as aluminum and are shown in full In Figures 
3 and 4. respectively. The circular end faces of the 
shields are secured by bolts 27 to rings of alu- 
minum 25 which are welded to the ends of the 
cylindrical shields, as seen in Figs. 3 and 4. The 
helium vessel 23 is made of nonmagnetic heat 
conductive material such as aluminum and is 
shown in full in Figure 5. The circular end faces of 
the helium vessel are welded in place on the 
cylinder. The vacuum vessel 13, which also serves 
as a ferromagnetic shield, is fabricated of mild 
rolled steel plate with the axial bore 15 comprising 
nonmagnetic stainless steel. Ingot iron can alter- 
natively be used in place of the mild rolled steel 
plate. The rolled steel plate end faces of the vacu- 
um vessel are welded in place to the stainless steel 
bore 15 and the rolled steel plate cylindrical shell. 
All welds of the steel in the ferromagnetic shield 
must be vacuum leak tight. The shield inside sur- 
face is treated with rust inhibitors to reduce outgas- 
sing in the vacuum. Effective rust inhibitor co atings 
which reduce outgassing are Bona"~Rl~r235 and 
Contec available from Sealed Air Corporation. Al- 
ternatively, in an unshielded embodiment, the en- 
tire vacuum vessel can be fabricated from nonmag- 



netic stainless steel. 

Referring now to Figures 2, 6, 7 and 9. the 
radial support system of the helium vessel inside 
the cryostat will be described. The helium vessel 
5 23 is supported radially in the vacuum vessel 13 
by eight fiber reinforced plastic composite support 
straps 31. with four straps situated at either circular 
face of the helium vessel 23. Required thermal and 
fatigue life performance of the fiber reinforced plas- 
10 tic composite straps is obtained by selecting a 
undirectional fiber dominated composite with 60°'o 
volume fraction of fibers in an epoxy matrix. The 
fibers should have high strength with a high 
modulus of elasticity and have low thermal con- 
;5 ductivity at cryogenic temperatures. Suitable fiber 
materials for this application are alumina, graphite, 
silicone carbide and S-glass, The straps in the 
preferred embodiment are formed as elongated 
loops of S-2 fiberglass impregnated with SCNREZ- 
20 081 glass epoxy material available from Structural 
Composites Industries, California. The four straps 
31 at either end of "the helium vessel lie in the 
same plane and are parallel to the circular end 
faces of the cylindrical vacuum vessel 13. The 
25 straps on either end of the helium vessel are lo- 
cated symmetrically about the midptane of the out- 
er vacuum vessel. Each strap extends from a pin 
33 held by a clevis 35. The clevis 35 is secured by 
a threaded rod 41 to a block 37 welded to the face 
30 of the helium vessel 21 . One end of the threaded 
rod 41 is threaded into the clevis 35 and the other 
end passes through an aperature in the block 37 
and is secured by a nut 43 and a jam nut. The 
other end of the strap 31 passes over a spherical 
35 support 45 which is pivotally mounted in a recess 
in the vacuum vessel 13. The spherical support 
pivots to properly align the strap, thereby com- 
pensating for variation in fabricated parts. This 
proper alignment ensures that the strap is uni- 
40 fprmly supported across its width, thereby produc- 
ing maximum fatigue life. The clevis, threaded rod. 
and spherical support are fabricated from nonmag- 
netic material preferably stainless steel. The block 
37 is fabricated from nonmagnetic materia! preter- 
ms ably aluminum. A cover 47 of mild steel is. welded 
over the openings in the vacuum vessel to maintain 
vacuum conditions. Each of the four straps 31 on 
each end of the helium vessel form a 45' angle 
with a horizontal plane. On each circular end of the 
50 helium vessel, two straps are anchored near the 
top of the helium vessel and two near the bottom. 
The top straps extend at at 45** angle below a 
horizontal plane and the bottom straps extend at a 
45* angle above a horizontal plane. One of the 
"~55 — bottom~and-one-of~the-top~straps-on-one-faee-of 
the helium vessel extend through the vacuum ves- 
sel near the horizontal midplane on one side and 
the other of the bottom and top straps on one face 
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of the helium vessel extend through the vacuum 
vessel near the horizontal plane on the opposite 
side. None of the straps cross one another. The 
straps 31 also pass through apertures in the 20K 

and 80K shields. 

The straps 31 are each heat stationed to the 
20K and 80K shields by braided copper cables 51 
and 53. respectively, to intercept conduction heat 
transferred from the vacuum vessel 1 3 which is at 
room temperature. One of the support straps 31 
with the heat stationing straps 51 and 53 is shown 
in Fig. 8. The heat stationing straps 51 and 53 are 
afRxed to opposite sides of the loop of the compos- 
ite strap 31 by heat conductive epoxy at locations 
along the length of the strap 31. The straps 51 and 
53 are secured to the shields by rivets extending 
through holes in the braid. Adjustment of nut 43 
located at block 37 varies the tension in the strap. 
The symmetric arrangement of the radial supports 
assures that the helium vessel's axial center line 
does not move relative to the axial centerline of the 
outer vacuum vessel when the outer vacuum ves- 
sel is subjected to small temperature changes. This 
is important since the outer vacuum vessel pro- 
vides self-shielding to the magnet in the helium 
vessel and relative motion between the two center- 
lines cannot be tolerated if uniform magnetic field 
homogeneity in the bore of the magnet needed for 
imaging is to be maintained. 

Referring now to Figs. 6. 7 and 10. the axial 
support system of the helium vessel 23 inside the 
cryostat will be described. The helium vessel 23 is 
supported axiaily from the vacuum vessel 13 by 
four composite straps 55 formed as elongated 
loops of the same material but half as wide as the 
straps used to radially support the helium vessel. 
The straps 55 extend along the horizontal plane 
passing through the center of the cylindrical helium 
vessel. One end of each of the four straps 55 is 
supported by one of four pins 57 about which the 
straps 55 pass. Each pin is held by a clevis 61 
which in turn is secured to a threaded rod 63. The 
threaded rod for two of the straps passes through 
one of the circular faces of the vacuum vessel and 
a nut 65 and jam nut (not shown) are threaded on 
the threaded rod 63 for adjusting the tension. The 
threaded rods from the other two straps extend 
through the other circular face of the vacuum ves- 
sel and are similarly secured. The straps 55 are 
connected to the helium vessel by looping the 
other end of each of the straps over one of the four 
trunnions with capping flanges 67 extending radi- 
al iyfimi^_mejT^^ 

located on the horizontal plane passing through the 
center of the cylinder and the two trunnions on 
each side of the cylinder midplane are symmetri- 
cally .located in the axial direction. The axial posi- 
tion of the trunnions on either side of the center 



plane is determined by the amount of preload 
which is desired to apply to the strap by the 
thermal contraction of the helium vessel after the 
. strap is installed. The further the trunnion is situ- 
5 ated from the center line, the greater the contrac- . 
tion towards the center of the cylinder. The support 
straps 55 pass through aperatures in the 20K and 
80K shields and are heat stationed to the 20K and 
80K shields by braided copper cables 71 and 73. 
w respectively. The straps 71 and 73 are attached to 
opposite sides of the loop of the composite straps 
55 at locations along the length of the straps. An 
axial support strap 55 with the heat stationing 
straps 71 and 73 is shown in Fig. 11. The heat 
75 stationing straps are affixed to the shields by rivets. 
The clevis 61 and trunnion 67 connections allow 
rotation of the strap 55 which compensates for 
manufacturing stackup variations. 

The 80K shield 17 is supported from the he- 
20 lium vessel 23 in the radial direction by tubular 
struts 75 which are under compression and are 
secured to aluminum blocks 74 welded to the he- 
lium vessel at three locations on each circular face 
of the helium vessel. The struts have internal 
25 threads on either end with threaded rods extending 
therefrom. One strut extends vertically from the top 
portion of each face passing through the 20K shield 
and is secured to the 80K shield. Two other struts 
75 are mounted on each of the faces of the helium 
30 vessel equally spaced from each other and the 
vertical strut and extend through the 20K shield 
and are secured to the 80K shield. The two struts 
make approximately a 45" angle with the horizontal 
and are affixed to the 80K shield just below the 
35 horizontal plane passing through the center of the 
shield. Each of the struts 75 is heat stationed to the 
20K shield by a braided cable 76. The 80K shield 
is supported in the axial direction by two struts 77 
located on only one end of the vessel as shown in 
40 Fig. 7. The strut is secured by a threaded rod to 
the circular face of the helium vessel and extends 
through the 20K shield and is secured to an axial 
. support cover 78 by two nuts which thread onto a 
threaded rod extending from the end of the strut 
45 77. Strut 77 is heat stationed to the 20K shield by 
braided-cable 79. All the struts 75 and 77 comprise 
nonmagnetic material with low heat conductivity 
preferably G-10CR thin wall fiberglass tubing hav- 
ing internal threads on both ends. 
50 Referring now to Fig. 7. the 20K shield 21 is 
supported from the 80K shield 17 by six nonmag- 
netic supports with low heat conductivity, prefer- 
ably comprising G10 fiberglass plates 80 of 0/90 
glass-epoxy-laminate-with-mounting-holes-at-the 

55 top and bottom. Each plate is secured by nuts and 
bolts through an aluminum block 81 extending out 
from the circular face of the 20K shield. The other 
end of the plate is secured through a spacer block 
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83 on the inside of the 80K shield. The blocks 81 
and 83 assure that the plate 80 extends parallel to 
the circular faces of the shields. The three plates 
80 on each end are equally spaced circumferen- 
tially from one another with one of the plates ex- 
tending vertically from the bottom of the 80K shield 
to the bottom of the 20K shield shown in Fig. 7. 
The radial length of the plate between the bolt 
holes is adjusted to compensate for the relative 
shrinkage of the aluminum 20K and 80K shields 
when cooled to reduce the stress on the plates. 
The plates are sufficiently thick to provide axial 
support. 

Two-piece misalignment washers 38 are used 
at each threaded attachment joint for straps 31 and 
55, and struts 75. These washers are fabricated 
from nonmagnetic material preferably stainless 
steel, and compensate for misalignments produced 
by variations in fabricated parts. These washers 
ensure that the straps and struts are properly 
aligned and at installation thereby eliminating po- 
tentially damaging loads in the supports at assem- 
bly. The washers allow up to five degrees of rota- 
tion. 

Heat stationing of the composite support straps 
31 and 55 and struts 75 and 77 allows the tem- 
perature distribution along the composite straps 
and struts to be changed. Since heat conductivity 
of the straps and struts is less at lower tempera- 
tures, providing a lower temperature over a longer 
length of the strap and strut by heat stationing a 
portion of the strap and strut at a lower tempera- 
ture than it would othenwise be, the heat conducted 
through the strap and strut is reduced. Further 
reduction of the heat conducted to the helium ves- 
sel is accomplished by intercepting the heat and 
diverting it to the shields. 

The superconductor magnet 85 is shown in the 
helium vessel in Figure 12. The helium vessel is 
partially filled with liquid helium through a fill line 
87 located on the exterior of the vacuum vessel 
and shown in Fig. 1 . The fill port 86 is coupled to a 
fill line 87 which extends through the 80K shield. 
20K shield and into the lower portion of the helium 
vessel as seen in Figs.3. 4 and 5. respectively. 
Referring again to Rg. 12, a winding of supercon- 
ductor wire 91 is wound under tension directly 
around the outside of a nonmagnetic cylindrical coil 
form 93 in which grooves have been machined to 
receive discrete main coils. Six discrete main coils 
are shown in Fig. 12. The form is preferably fab- 
ricated from fiberglass. The number of coils pro- 
vided depends on the field uniformity over a given 
imaging volume desired in the bore of the magnet, 
with more coils requirea~{o~aftaifrhigherfield"anl- 
formlty. Becaus of the simplicity of machining 
grooves in a fiberglass form compared to changing 
castings or forgings. the magnet field homogeneity 



in the bore of the magnet could easily be improved 
by increasing the number of coils with little in- 
cremental manufacturing costs. 

The main coils are preferably wound sequen- 
s tially from one end of the form to the other, with 
the coils connected in series, but more complex 
winding sequences can easily be accommodated. 
Referring now to Figures 12-15. the circumferential 
grooves are lined with a thin film of friction reduc- 
/o ing material such as polytetrafluoroethylene 
(PTFE) tape 95, 0.005-.010 inches thick, to provide 
a low friction interface between the windings of 
superconductor wire 91 and the coil form. Alter- 
natively, PTFE or molydisulfide coating can be 
;5 applied on the coil form surfaces in contact with 
the superconductor wire. 

The superconductor wire is a bare wire of 
typically rectangular cross sectional area which can 
comprise superconductor filaments embedded in a 
20 copper matrix. The superconductor wire is elec- 
trically insulated by a spiral wrap of heat resistant 
aromatic polyamide fiber lacing tape, such as 
Nomex lacing tap 95 with about 50% coverage. 
Half of the wire surface is then in contact with the 
25 liquid helium during magnet operation, so as to be 
cooled by nucleate pool boiling. Stability of the 
superconductor is detenrnined by the heat dissi- 
pated to the liquid helium as the current is trans- 
ferred from the superconductor filaments to the 
30 copper matrix in the event of frictional heating that 
results from wire motion. 

When the magnet is energized, the electro- 
magnetic loading on each coil comprises a radially 
outward force combined with an axial force that 
35 attracts the coil to the magnet midplane. The coil 
axial forces are supported by the shoulders of the 
circumferential grooves. The radial forces are partly 
supported by the hoop tension in the superconduc- 
tor wire and mostly by a stainless steel wire over- 
40 wrap 97. The wire ovenvrap is separated from the 
outside surface of the coils by a thin sheet 101 of 
high dielectric strength* material which retains its 
properties at liquid helium temperatures. Rberglass 
sheet or laminated plastic can be used as the 
46 dielectric material. The sheet 101 has axial grooves 
103 machined in the surface facing the coil prior to 
placing the sheet in place. The sheet can be ap- 
plied as two or three circumferential pieces. A 
PTFE liner 105 is used as before on the sheet 101 
50 surface that comes in contact with the supercon- 
ductor wire 91. Sheets 101 are spaced axially from 
the walls of the coil grooves by radially extending 
spacers 107 which provide vent passageways be- 
tween adjacent spacers for the axial grooves of 
-55 — sheet-101— The-spacers— lOT-comprise-fibergiass 

material. The axial grooves in sheet 107 vent th 
helium vapor from inside the coil to the vent pas- 
sageways between adjacent spacers in the event of 
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a magnet quench. 

The overwrap 97 is wound under tension not 
only to provide support of the superconductor wire 
91 in normal operation but also to restrain the 
superconductor turns from buckling and jumping 
over each other as a result of transient heating 
during a magnet quench. For example in a .5T 
magnet with a coil form having an inner diameter of 
46 1/2" and an outside diameter of 50 1/8" the 
superconductor windings were wound with a 30 ib. 
tension while the overwrap was wound with a 40 Ib. 
tension. 

Since the fiberglass form 93 has a lower 
modulus of elasticity compared to the supercon- 
ductor 91 and the overwrap 97, it is possible to 
sufficiently tension the superconductor and over- 
wrap so as 10 prevent detachment of the colls from 
the form when the electromagnetic loading is ap- 
plied. Also the fiberglass form is wound to have 
lower thermal contraction circumferentialiy than 
both superconductor and oven^rrap by controlling 
the directions in which the fibers in the form are 
wrapped. The fiberglass form was wound on a 
mandrel using E glass fiberglass filaments wet with 
epoxy. A winding pattern of a layer of circumferen- 
tial winding forming a 90° loop followed by four 
layers, each layer consisting of a layer at plus 45* 
and a layer at minus 45° followed by a layer of 
circumferential windings followed by four layers of 
plus and minus 45" and so on was used until the 
desired thickness was achieved. As a result the 
winding and overwrap tensions increase at lower 
temperature to further prevent coil to form separa- 
tion when the superconducting magnet is ener- 
gized. 

Since the overwrap is electromagnetically 
closely coupled to the coils, a significant portion of 
the coil energy during a quench is dissipated by 
circulating currents in the ovenwrap. Thus, the coil 
overwrap functions as a magnet protection circuit 
during a quench. To provide a uniform distribution 
of Induced current in the ovenwrap circuit during a 
quench, the start and finish leads must be shorted 
electrically as shown in Fig. 12 between the two 
plates 111 and 113 secured to the form. The 
plates, which are fabricated from nonmagnetic ma- 
terial such as brass, firmly compress the two 
crossed ends of the wire overwrap in performed 
grooves smaller than the wire diameter. The plates 
111 and 113 are clamped to one another by 
threaded fasteners. The stainless steel oven^^rap for 
each main coil forms the electrical circuit equiv- 
alent of a singl shorted turn. 
WitOrrintegral'shisldrthe--outer-cryostat~ves-- 

sel 13 sen/es as the ferromagnetic shield of the 
MR magnet. Since the geometry of the cryostat is 
determined by the cryogenic and vacuum require- 
m nts, the superconducting main windings have to 



be synthesized for maximum field homogeneity in 
the presence of the ferromagnetic shield. Referring 
now to Figure 16 a section of the field 13 is shown 
relative to the position of the main coils 91 and the 
5 volume in the center of the bore where high field 
uniformity is desired. The nonmagnetic radiation 
shields 17 and 21. the helium vessel 23 and sup- 
ports are not shown since their presence does not 
affect the magnetic field determinations. The steps 
10 for making an integrally shielded magnetic reso- 
nance magnet where the outer cryostat vessel 
serves as a ferromagnetic shield Is shown in Figure 
17. First, as shown in block 123 the shield configu- 
ration is determined based on cryostat and vacuum 
75 requirements of the cryostat outer vacuum vessel. 
An initial approximation of the number of mam 
coils, their axial and radial position and number of 
ampere-turns for a magnet having the desired field 
strength is chosen in block 125. The initial approxi- 
20 - mation can be an air core design for a magnet of 
the same field strength. A finite element analysis of 
the main coils and the iron shield Is performed In 
block 131 by a finite element algorithm on a com- 
puter such as a VAX manufactured by Digital 
25 Equipment Company, to determine the axial mag- 
netic flux density at various points of interest in the 
volume of high uniformity in the bore of the mag- 
net, shown as volume 127 in Fig. 16. The finite 
elements algorithm also determines the magnetiz- 
30 ation of the iron shield. The peak parts per million 
(ppm) error between various points in the volume 
of high uniformity of the axial magnetic flux density 
is checked in decision block 1 33 to see if there is 
any improvement. If the PPM error has not reached 
35 . a minimum value, a spherical harmonics series 
expansion of the shield magnetization is performed 
in block 135 to determine the shield axial magnetic 
flux density contribution at each point of interest in 
the volume of high field uniformity 127. The axial 
40 magnetic flux density contribution of the shield is 
substracted from the specified axial magnetic flux 
density to determine the desired contribution due 
to the coils. The desired contribution Is not the 
actual contribution of the coils since the specified 
45 axial magnetic flux density .5 Telsa. for example, 
rather than the axial magnetic flux density deter- 
mined by the finite element analysis is used. The 
main coil design is modified in block 137 to take 
into account the approximation of the iron contribu- 
50 tion determined by subtracting the calculated iron 
contribution from the specified field axial magnetic 
flux density. The synthesis of the coils is per- 
formed using an iterative Newton-Raphson proce- 
dufe^The-degrees-ofJreedom-iDjhe^ynthesis are 



55 



the number of coll pairs times two. since each coil 
pair is allowed two degrees of freedom, variable 
axial location and ampere-turns but fixed radial 
location, or fixed ampere-turns but variable axial 
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location and radial locations. The axial magnetic 
flux density, Bz at any given point in space is 
computed by using the Blot-Savart law. To obtain a 
uniform field within the volume of interest, a num- 
ber of points equal to the number of points equal to 5 
the number of degrees of freedom are chosen 
within the volume of interest, and the axial flux 
density is specified at these points. Then the coil 
pair parameters of axial location and ampere-turns 
with fixed radial location or fixed ampere-turns but '*o 
variable axial location and radial location, as de- 
sired, are determined using the Newton- Raphson 
procedure. Once the resynthesis of the coils has 
been accomplished using appropriate algorithms 
on a computer, finite element analysis of the colls 
and the fixed iron shield geometry is again per- 
formed in block 131. The contribution of the iron is 
again approximated and the coils resynthesized 
until there is no further improvement in the peak 
part per million of the field computed in the volume 
of interest as determined in decision block 133, 
when the finite element analysis is applied to the 
resynthesized coils and fixed iron-shield geometry. 
The next step in block 141 is to fabricate the coils 
according to the latest re-synthesis and then, as 
shown in block 143. position the coils in the in- 
tegral shield. 

Referring now to Rgs. 1. 3, 4 and 5. the 20K 
and 80K shields are cooled by the evaporation of 
helium from the helium vessel 23. The helium 30 
vessel is vented outside the vacuum vessel through 
a vent 155 after absorbing heat while travelling in a 
serpentine path which causes the vent piping 157 
to pass circumferentially around each of the shields 
while moving axially back and forth, before reach- 3S 
ing the outside of the cryostat. The fill and vent 
piping are not shown in Figs. 6 and 7. Referring 
now to Figs. 1 and 18 additional cooling is provided 
by a two stage cryocooler. The housing 161 of the 
cryocooler with the internal workings removed is 4o 
shown. During operation the two stage cryocooler 
is coupled to the two shields 17 and 21 to improve 
the thermal performance of the cryostat 11. The 
cryocooler mounting is shown situated near one 
end of the vacuum vessel near the base, but any 4s 
orientation is possible, making system integration 
easier. The cryocooler is coupled to that cryostat 
using a direct connect interface. The cold head 
housing of the cryocooler comprises two heat sta- 
tions 163 and 165, which, with the cryocooler in- so 
stalled, maintains a temperature of 80K and 20K. 
respectively. The cold head housing is mounted 
directly in the vacuum space of the cryostat 1 1 . A 
flange 167 on the cryocooler housing 161 is weld- 
~eci~tcrthe vacuum vessel~s"o~th'arth'e~cold~end~ls 55' 
located in the cryostat vacuum, the heat stations 
163 and 165 on the cryocooler housing are con- 
nected directly to the thermal radiation shields 17 



and 21. through flexible braided copper cables 169 
and 171. respectively, which are sized to minimize 
thermal resistance while providing for relative mo- 
tion between the shields and the cryocooler cold 
head housing during magnet shipment and as a 
result of thermal contraction. 

One end of the braided cable 171 is welded to 
the heat station 165 of the cryocooler and the other 
end of the braided cable is bolted onto the shield 
21. Therefore, the total thermal interface resistance 
consists of a resistance due to the weld, the braid- 
ed cable and the bolted joint. Use of electron beam 
welding essentially fuses the braid of tfie copper to 
the heat station eliminating any thermal contact 
resistance. To accommodate the cold end housing 
a portion of the 80K shield was modified by cutting 
the shield away and welding an adaptor piece 173 
to shield 17 which allows room for the insertion of 
the cold end. The heat station 163 is welded to 
cable 169. Cable 169 is welded to a ring shaped 
adaptor 175 which is bolted to adaptor 173. The 
braided cable 171 used In the preferred embodi- 
ment is made from a small wire size (AWG 36) to 
provide the required flexibility and ratio of length to 
effective cross sectional area of the copper to 
maximize the thermal conductance. The pressure 
between the shield and the braid at the bolted joint 
can be increased simply by increasing the number 
of bolts. Thus the thermal performance of the inter- 
face can be controlled at minimal cost and with no 
added complexity. 

By using a common vacuum between the 
cryostat and the cryocooler and by welding the 
flange on the cryocooler housing the vacuum ves- 
sel, the potential for vacuum leakage is minimized. 
The helium vessel provides a large cryopump sur- 
face which freezes any air or moisture in the vacu- 
um space which helps maintain a high vacuum in 
the cryostat and therefore in the cryocooler. When 
cryocooler repair or servicing becomes necessary, 
the cryocooler inner workings can be removed 
from the housing 161 without breaking the vacuum. 

During assembly of the cryostat the axial sup- 
port straps are each looped over one of the trun- 
nions with capping flanges 67. The heat stationing 
straps 71 are affixed to the 20K shield. The helium 
vessel 23 containing the magnet 85 is positioned 
inside the two shields 17 and 21 which are within 
the vacuum vessel 13. The 80K vessel is wrapped 
with multilayer insulation 177 which can be seen In 
Rgs. 9 and 10. The circular ends of the shields and 
the vacuum vessel are not yet in place. The radial 
support straps 31 with the heat stationing straps 
affixed are Inserted through the openings in the 
—vacuum-vessel-and-retained-by-spherical-supports 
45. The radial straps extend through openings in 
the 80K and 20K shields and the straps are affixed 
to blocks 37 which are welded to the helium vessel 
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circular faces. The tension of tfie radial support 
straps IS* adjusted and the helium vessel is cen- 
tered in the vacuum vessel. Since the present . 
design allows direct observation of the helium ves- 
sel, positioning is easier and more certain than in 
support systems where the helium vessel is. en- 
closed by surrounding cylinders, and probes have 
to be used to ascertain the helium vessel position. 
Tubular struts 75 are affixed to blocks 74 on the 
helium vessel and pass through the 20K shield and 
are secured at their other end' to the 80K shield. 
The heating stationing straps 51 and 53 of the 
radial support straps 31 are secured to the 20 K and 
80K shields. The heat stationing straps 76 of the 
tuBular struts are secured to the 20K shield. The 
openings in the shields through which the radial • 
straps pass are closed by a thin sheet of heat 
reflective material 181 such as aluminized Mylar. 

The axial strut 77 is secured to one circular 
end of the helium vessel. The circular end plates of 
the 20K shield are affixed to the ring 25 by screws 
27 with the radial straps extending through apera- 
tures in the circular ends and the axial strut 77 
extending through one of the circular ends. The 
heat stationary cables 79 are secured to the 20K 
shield. The sheets of heat reflective material 181 
are placed around each of the straps passing 
through the 20K shield. The spacer blocks 83 are 
secured to the inside of the 80K shield and plates 
80 are attached thereto. Braided cable 171 which is 
welded to the heat station 165 of the cryocooler is 
bolted to the 20K shield 21 . 

The 80K circular shield ends covered with 
multi-layer insulation 177. are secured on either 
end of the 80K shield. The axial strut 77 Is secured 
to the axial support cover 78. The heat stationing 
cables 73 of the axial support straps 55 are se- 
cured to the 80K circular shield ends. The adaptor 
piece 175 of the cryocooler interface is secured in 
place. The circular ends of the vacuum vessel are 
welded in position and the tension of the axial 
support straps is adjusted. The covers 65 and 47 
are welded in place and the vacuum vessel can 
then be evacuated. 

The radial and axial composite strap support 
system used in the present invention is designed 
to achieve its design tension when the helium 
vessel is filled with liquid helium and the 20K and 
80K shields are at their normal operating tempera- 
tures! The cryostats are shipped cold, with the 
vacuum vessel evacuated. However, during opera- 
tion in the field a failure of the cryostat can occur 
requiring the cryostat to be returned to the factory, 
— TlTencoWoslte--strap-support-system-can-funGtion- 

to support the vessels even when the cryostat is 
not at operating temperatures and the fatigue load- 
ing should not adversely affect the design life of 
the support system. 



The suspension system for the shields of the 
present invention allows easier assembly with 
plates simply locked in place by bolting without the 
need for any tension adjustments. 

5 The orientation of the radial support straps 
relative to one another is important. However, the 
strap configuration as a whole can be rotated about 
the longitudinal axis as long as symmetry between 
two axes. 90*" apart (which are not necessanly the 

w vertical and horizcntal axes) are each maintained 
perpendicular to the axial centerline of the cryostat. 

The foregoing describes a shield support sys- 
tem that requires fewer parts and reduced assem- 
bly time. 

15 The foregoing has described an axial strap 
suspension system for a magnetic resonance mag- 
net which is sufficiently strong to withstand ship- 
ping loads yet has few parts. The axial strap sus- 
pension system accommodates manufacturing tol- 

20 erance stackup error and provides improved fatigue 
loading cycle performance. 

The foregoing describes a radial cryostat sus- 
pension system which is sufficiently strong to with- 
stand shipping loads yet have as few physical 

25 connections to the cryostat as possible to reduce 
thermal conduction and radiation heat leaks. The 
radial cryostat suspension is suitable for use with 
an integrally shielded magnet to minimize move- 
ment of the magnet relative to the shield due to 

30 temperature changes. 

While the invention has been described with 
respect to a preferred embodiment thereof, it will 
be apparent that certain modifications and changes 
can be made without departing from the spirit and 

35 the scope of the invention. It is therefore, to be 
understood that the appended claims are intended 
to cover all such modifications and changes as fall 
within the true spirit of the invention. 

40 

Claims 

1 . A cryostat characterized by: 
an outer closed cylindrical vacuum vessel (13); 
4S an inner cylindrical helium vessel (13) situated 

inside said vacuum vessel, said helium vessel hav- 
ing on its outside surface four radially extending 
trunnions (67) situated on a horizontal plane pass- 
ing through the center of the helium vessel, said 
50 trunnions symmetrically spaced on either side of 
the helium vessel, about the helium vessel's axial 

midplane; and 

four straps (55), one end of each of said straps 

looping-.about-a_respectiv e one of said four trun- 

56 nions. the other end of each of said straps rotatably 
secured to the circular end faces of said vacuum 
vessel, with two straps from the trunnions closest 
to an end face secured to that end face. 
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2. The cryosiat according to claim 1 character- 
ized by: 

a first cylindrical shield (21 ) situated in the 
cryostat surrounding said helium vessel: 

a second cylindrical shield (17) situated in the 
cryostat surrounding said first shield: 

a plurality of tubular struts (75) affixed to both 
of said helium vessel circular end faces and said 
second shield, said tubular struts circumferentially 
spaced and extending radially, parallel to said end 
shields of the helium vessel, to said second shield, 
said struts supporting said second shield spaced 
away from said helium vessel; and 

plate means (80) circumferentially spaced 
about the outside of each of the circular end facers 
of said first shield and affixed thereto, said plate 
means extending radially, parallel to the end faces 
of said first shield and affixed to the inner circular 
end faces of said second . shield, supporting said 
first shield spaced away from the second shield. 

3. the cryostat according to claims 1 or 2 
characterized in that 

the helium vessel situated inside said vacuum 
vessel has four mounting supports (37) on either 
circular end face of the helium vessel, two supports 
on the upper portion, two supports on the lower 
portion: and 

eight straps (31). one end of each of four of 
said straps mounted to each of the mounting sup- 
ports on each end face of said helium vessel, the 
other end of one strap from the lower mounting 
support on one side of the vertical centerilne on 
both faces of the helium vessel extend towards one 
another, but do not meet or cross and are secured 
above and below the horizontal plane passing 
through the center of the vacuum vessel, the other 
end of one strap from the upper and one strap 
from the lower mounting supports on the other side 
of the vertical centerilne on both faces of the he- 
lium vessel extend towards one another but do not 
meet or cross, and are rotatably secured (45) 
above and below the horizontal plane passing 
through the centerilne of the vacuum vessel, the 
straps on each face being parallel to the circular 
end faces of the vacuum vessel and the helium 
vessel, said straps symmetrically located about the 
vertical and horizontal axes of the helium vessel 
thereby providing a radial suspension that does not 
move the axial centerline of the helium vessel 
relative to the axial centerline of the vacuum vessel 
when the temperature of the cryostat varies. 

4. The cryostat according to claim 1 or 2 or 3 

characterized by: 
Reat~staiioning"connectors-(5l7-53r-7-lT-7-3r-7B) 

secured to each of said component straps to con- 
nect predetermined sections along the length of the 



straps to each of the radiation shields, so that heat 
flow from the vacuum vessel can be intercepted 
before reaching the helium vessel. 

5. The cryostat of claim 4 characterized in that 

5 the 

heating stationing connectors comprise braid- 
ed metal cables secured to said composite straps 
by heat conductive epoxy and secured to said 
radiation shields by rivet fasteners. 
JO 6. The cryostat of any one of the preceding 

claims characterized in that the 

straps comprise unidirectional dominated fiber 

reinforced plastic. 

7. The cryostat of any one of the preceding 

;5 claims characterized in that the 

trunnion further comprises a capping flange, 
a. The cryostat of any of the preceding claims 
characterized in that the 

straps are axially adjustably secured to the 
20 circular end faces of the vacuum vessel by clevis 
(61) holding a pin (57) about which the strap 
passes, a threaded rod (63) engages the clevis and 
extends through the circular end face of the vacu- 
um vessel. 

25 9. The cryostat of any one of the preceding 

claims characterized in that the 

vacuum vessel is fabricated of ferromagnetic 

material. 

30 
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@ Suspension system for magnetic resonance cryostat. 

(g) A cryostat (11) for a magnetic resonance magnet is 
provided comprising an outer closed cylindrical vacuum vessel 
(13) and a cylindrical helium vessel (23) concentrically situated 
in the cryostat. A first cylindrical shield (21) Is situated In the 
cryostat surrounding the second shield (17). A plurality of 
tubular stmts (75) are affixed to both the helium vessel circular 
end faces and the second shield (17). The tubular struts are 
circumferential ly spaced and extend radially, parallel to the end 
shields of the helium vessel. The struts support the second 
shield spaced away from the helium vessel. Plate means (80) 
are circumferentially spaced about the circular end faces of the 
first shield and affixed thereto. The plates (80) extend radially, 
parallel to the end faces of the first shield and affixed to the 
inner circular end faces of the second shield, supporting the 
first shield spaced away from the second shield. The helium 
vessel (23) has on its outside surface radially extending 
trunnions (67) situated symmetrically on a horizontal plane 
-passlng-through'the'^merbrtlTirRelium vessellncl mounting* 
supports on either circular end face of the helium vessel, with 
supports on each of the upper and lower portions. A plurality of 
straps (55) have one end of each strap looping about a 
respective one of the trunnions. The other end of each strap Is 
rotatably secured to the circular end faces of the vacuum 



vessel, with the straps from the trunnions closest to an end face 
secured to that end face. Additional composite straps (31) with 
one end rotatably mounted to each end face; the other end is 
mounted to the helium vessel. The composite straps on each 
face are parallel to the circular end faces of the vacuum vessel 
and the helium vessel. The composite straps are symmetrically 
located about the vertical and horizontal axes of the helium 
vessel. 
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